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IMAGING LIGHT GUIDE WITH
REFLECTIVE TURNING ARRAY

TECHNICAL FIELD

[0001] This invention generally relates to electronic dis-
plays and more particularly relates to head-mounted (near-
eye) displays that use imaging light guides to convey
image-bearing light to a viewer.

BACKGROUND OF THE INVENTION

[0002] Head-Mounted Displays (HMDs) are being devel-
oped for a range of diverse uses, including military, com-
mercial, industrial, fire-fighting, and entertainment applica-
tions. For many of these applications, there is particular
value in forming a virtual image that can be visually
superimposed over the real-world image that lies in the field
of view of the HMD user. Optical imaging light guides
convey image-bearing light to a viewer in a narrow space for
directing the virtual image to the viewer’s pupil and
enabling this superposition function.

[0003] In such conventional imaging light guides, colli-
mated, relatively angularly encoded light beams from an
image source are coupled into a planar waveguide by an
input coupling such as an in-coupling diffractive optic,
which can be mounted or formed on a surface of the planar
waveguide or buried within the waveguide. Such diffractive
optics can be formed as diffraction gratings, holographic
optical elements or in other known ways. For example, the
diffraction grating can be formed by surface relief. After
propagating along the waveguide, the diffracted light can be
directed back out of the waveguide by a similar output
grating, which can be arranged to provide pupil expansion
along one dimension of the virtual image. In addition, a
turning grating can be positioned along the waveguide
between the input and output gratings to provide pupil
expansion in an orthogonal dimension of the virtual image.
The image-bearing light output from the waveguide pro-
vides an expanded eyebox for the viewer.

[0004] Although conventional imaging light guide
arrangements have provided significant reductions in bulk,
weight, and overall cost of near-eye display optics, overall
efficiency of the gratings is often limited by optical losses
occurring at each grating interface. Since each grating area
can only be fully optimized for one specific field angle and
for one specific wavelength, performance across the field of
view of the virtual image or across the visual spectrum of the
same virtual image can vary greatly. This is true also of the
turning grating that directs light that is traveling from the
in-coupling to the out-coupling diffractive optics. Because
an appreciable amount of input light energy is lost as the
light encounters each diffractive optic, the input image
source must be bright enough to compensate for lost bright-
ness in the virtual image presented to the viewer.

[0005] Thus, it can be appreciated that there is a need for
improved designs of image bearing light guides that still
provide the desired pupil expansion, but provide enhanced
efficiently in head-mounted displays.

[0006] In considering a light guide design used for imag-
ing it should be noted that image-bearing light traveling
within a waveguide is effectively encoded by the input
coupling, whether the coupling mechanism uses gratings,
holograms, prisms, mirrors, or some other mechanism. Any
reflection, refraction, and/or diffraction of light that takes
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place at the input must be correspondingly decoded by the
output in order to re-form the virtual image that is presented
to the viewer.

[0007] A turning grating, placed in an intermediate posi-
tion between the in-coupling and out-coupling diffractive
optics, is typically chosen so that it does not induce any
change on the encoded light. Preferably, the turning gratings
redirect ray bundles within the waveguide, but do not change
the encoded angular information of the virtual image. The
resulting virtual image in such a designed system is not
rotated. Further, if such a system did introduce rotation to
the virtual image, it would do so non-uniformly across
different field angles and wavelengths of light, thus causing
unwanted distortions or aberrations in the resulting virtual
image.

[0008] U.S. Pat. No. 6,829,095 by Amitai entitled “Sub-
strate-Guided Optical Beam Expander” discloses input and
output couplings in the form of mirrors that reflect sets of
image bearing light beams into and out of a planar wave-
guide. The output coupling is divided into an array of
reflective surfaces for expanding the exit pupil along one
dimension. An intermediate array of reflective surfaces,
referred to herein as a turning mirror, provides for expanding
the exit pupil in an orthogonal dimension. The various input,
output, and intermediate reflective surfaces are matched to
each other to preserve the desired angular orientations of the
image bearing beams.

[0009] One-dimensional (1-D) pupil-expansion guides of
the type Amitai describes, however, have proved to be costly
and difficult to fabricate. Extending this concept to 2-D
beam expansion, using an array of mirrors oriented at a
second set of angles, greatly complicates fabrication tasks
that are already formidable and introduces alignment
requirements that would be extremely difficult to satisfy.
[0010] Thus, both the turning gratings and the turning
mirrors have been matched and oriented to work with
similar types of input and output couplings, i.e., gratings
with gratings and mirrors with mirrors. However, if a turning
grating were used to redirect light that has been input using
a mirror or a prism, this would produce unwanted effects in
the resultant virtual image. As one consideration, with any
type of reflective surface used in imaging, there can be
unwanted reversal/rotation of the in-coupled light.

[0011] From the perspective of manufacturability, the use
of diffractive optics to input and output the image-bearing
light beams into and out of the waveguide can simplify a
number of optical design problems. There is still, however,
a need for an optical solution that allows better performance,
increased efficiency, and compact packaging arrangements
for redirecting light within a planar waveguide from the
input couplings to the output couplings.

SUMMARY OF INVENTION

[0012] It is an object of the present disclosure to advance
the art of image presentation within compact head-mounted
(near-eye) displays. Advantageously, embodiments of the
present disclosure provide a wearable display with an imag-
ing light guide that offers an enlarged pupil size for present-
ing high resolution wide field of view (FOV) content to the
viewer.

[0013] Imaging apparatus in embodiments of the present
disclosure uses (a) diffraction to direct light into and out
from a planar waveguide while providing pupil expansion
along one dimension of a virtual image and (b) reflection
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within the waveguide for light redirection and pupil expan-
sion along a second dimension of the virtual image.
[0014] This novel arrangement offers advantages in
increased optical efficiency and brightness and allows more
compact HMD and related display design options, since the
arrangement provides both image rotation and reversal when
compared against fully diffractive solutions.

[0015] These and other aspects, objects, features and
advantages of the present invention will be more clearly
understood and appreciated from a review of the following
detailed description of the preferred embodiments and
appended claims, and by reference to the accompanying
drawings.

[0016] According to an aspect of the present disclosure,
there is provided an imaging light guide that includes a
waveguide, an in-coupling diffractive optic, an array of two
or more at least partially reflective surfaces oriented in
parallel to each other, and an out-coupling diffractive optic.
The in-coupling diffractive optic directs a plurality of light
beams, each representing a pixel of a virtual image, into the
waveguide. The array of two or more at least partially
reflective surfaces expands the image-bearing light beams
from the in-coupling diffractive optic in a first dimension
and directs the expanded image-bearing light beams toward
the out-coupling diffractive optic. The out-coupling diffrac-
tive optic expands the image-bearing light beams in a second
dimension and directs the image-bearing light beams from
the waveguide toward a viewer eyebox.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0017] FIG.1 is a schematic diagram showing a simplified
cross-sectional view of one possible configuration of a
monocular type diffractive beam expander.

[0018] FIG. 2 is a perspective view showing a diffractive
beam expander with a turning grating.

[0019] FIG. 3 is a perspective view showing a hybrid
beam expander for expansion in a single direction, using
in-coupling and out-coupling diffractive optics and a reflec-
tor for turning the beams, according to an embodiment of the
present disclosure.

[0020] FIG. 4 is a perspective view showing a hybrid 2-D
beam expander that uses in-coupling and out-coupling dif-
fractive optics and an array of reflectors for turning the
beams, according to an embodiment of the present disclo-
sure.

[0021] FIG. 5A is a plan view showing an imaging light
guide that provides a beam expander using a reflector array.
[0022] FIG. 5B is a plan view showing an imaging light
guide that provides a beam expander using a reflector array
and also showing an expanded portion of the field points of
the incident image.

[0023] FIG. 6A is a plan view showing an imaging light
guide that employs a gradient reflector array.

[0024] FIG. 6B is a schematic view showing how a
gradient reflector array operates.

[0025] FIG. 6C is a plan view showing exemplary regions
of a gradient reflector.

[0026] FIG. 6D is a perspective view showing a beam
expander having a gradient reflector array.

[0027] FIG. 7 is a perspective view showing a display
system for augmented reality viewing using imaging light
guides of the present disclosure.
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[0028] FIG. 8 is a schematic view showing an alternate
embodiment of the present disclosure using a gradient
reflector array.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] The present description is directed in particular to
elements forming part of, or cooperating more directly with,
apparatus in accordance with the invention. It is to be
understood that elements not specifically shown or described
may take various forms well known to those skilled in the
art.

[0030] Where they are used herein, the terms “first”,
“second”, and so on, do not necessarily denote any ordinal,
sequential, or priority relation, but are simply used to more
clearly distinguish one element or set of elements from
another, unless specified otherwise.

[0031] In the context of the present disclosure, the terms
“viewer”, “operator”, “observer”, and “user” are considered
to be equivalent and refer to the person who wears the HMD
viewing device.

[0032] As used herein, the term “energizable” relates to a
device or set of components that perform an indicated
function upon receiving power and, optionally, upon receiv-
ing an enabling signal.

[0033] The term “set”, as used herein, refers to a non-
empty set, as the concept of a collection of elements or
members of a set is widely understood in elementary math-
ematics. The term “subset”, unless otherwise explicitly
stated, is used herein to refer to a non-empty proper subset,
that is, to a subset of the larger set, having one or more
members. For a set S, a subset may comprise the complete
set S. A “proper subset” of set S, however, is strictly
contained in set S and excludes at least one member of set
S.

[0034] In the context of the present disclosure, the term
“oblique” means at an angle that is not an integer multiple
of 90 degrees. Two lines, linear structures, or planes, for
example, are considered to be oblique with respect to each
other if they diverge from or converge toward each other at
an angle that is at least about 5 degrees or more away from
parallel, or at least about 5 degrees or more away from
orthogonal.

[0035] In the context of the present disclosure, “reflectiv-
ity” is expressed as a percentage based on a ratio of the
intensity of light reflected from the surface to the light
incident upon the surface over the considered spectrum.
[0036] As an alternative to real image projection, an
optical system can produce a virtual image display. In
contrast to methods for forming a real image, a virtual image
is not formed on a display surface. That is, if a display
surface were positioned at the perceived location of a virtual
image, no image would be formed on that surface. Virtual
image display has a number of inherent advantages for
augmented reality display. For example, the apparent size of
a virtual image is not limited by the size or location of a
display surface. In comparison with systems that project a
real image, a more realistic viewing experience can be
provided by forming a virtual image that appears to be some
distance away. Providing a virtual image also obviates any
need to compensate for screen artifacts, as may be necessary
when projecting a real image.

[0037] Unlike previous waveguide implementations that
use diffraction for directing light internal to the imaging light
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guide that provides the virtual image display to the viewer,
imaging light guide embodiments of the present disclosure
use reflection rather than diffraction for redirecting dif-
fracted light within the waveguide and for expanding the
pupil in one direction. This arrangement can result in
improved efficiency and brightness and relaxed constraints
on the orientation of the image source for the imaging light
guide.

[0038] FIG. 1 is a diagram showing a simplified cross-
sectional view of one possible configuration of a monocular
type diffractive beam expander or exit pupil expander 10
formed as an imaging light guide 22 comprising an input
coupling, such as an in-coupling diffractive optic IDO, and
an output coupling, such as an out-coupling diffractive optic
ODO, arranged on a transparent and planar waveguide also
referred to as an imaging light guide substrate S and alter-
nately termed a pupil expander substrate S. In this example,
the in-coupling diffractive optic IDO is shown as a reflective
type diffractive optic arranged on an upper surface of the
pupil expander substrate S. However, in-coupling diffractive
optic IDO could alternately be a transmissive diffractive
optic, arranged on a lower surface 12 of the pupil expander
substrate S, where the in-coming light beam WI first inter-
acts with the pupil expander substrate S. The diffractive
optic can be formed on, in, attached, adjacent or otherwise
optically coupled to the waveguide and can be formed as a
diffraction grating, a volume hologram or other holographic
patterned element, or other type of optical component with
a ruling or other periodic array that diffracts the incoming,
image-bearing light into or out of the waveguide. The
volume holograms can be formed of alternating materials of
variable index such as holographic polymer dispersed liquid
crystal (HPDLC).

[0039] When used as a part of a virtual display system,
in-coupling diffractive optic IDO couples the exemplary
on-axis, in-coming light beam WI from an imager, via
suitable front end optics (not shown), into the substrate S of
imaging light guide 22. The input light beam WI is diffracted
by in-coupling diffractive optic IDO. A portion of the first
order diffracted light forms a guided light beam WG that
propagates along the substrate S, moving toward the right in
the FIG. 1 system, toward out-coupling diffractive optic
ODO. Between gratings or other types of diffractive optics,
the light beam WG is channeled or directed through the
imaging light guide by Total Internal Reflection (TIR).
Out-coupling diffractive optic ODO contributes to beam
expansion, along the x-axis in the view of FIG. 1, and
couples the light that it receives through substrate S, direct-
ing the light beam as a series of relatively displaced beamlets
outwards, towards the observer.

[0040] The perspective view of FIG. 2 shows a conven-
tional beam expander 20 that is configured as an imaging
light guide and that provides beam expansion along x- and
y-axes of the intended image using an intermediate turning
grating TG to redirect the light output (first diffracted mode)
from in-coupling diffractive optic IDO to out-coupling dif-
fractive optic ODO. In the FIG. 2 device, in-coupling
diffractive optic IDO containing periodic rulings with a
period d, receives incoming input optical beam WI repre-
senting one of a plurality of pixel generated by an image
source 16. A full range of angularly encoded beams for
producing a virtual image can be generated by a real display
together with focusing optics, by a beam scanner for more
directly setting the angles of the beams, or by a combination
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such as a one-dimensional real display used with a scanner.
Beam expander 20 provides an expanded output beam from
out-coupling diffractive optic ODO by using intermediate
grating TG. Intermediate grating TG provides beam expan-
sion in the y-axis direction and has an angular orientation of
diffractive optics and a spacing geometry determined by
spacing period d periodicity and the difference in angle of
the diffraction features between diffractive optic IDO and
diffractive optic ODO.

[0041] The use of turning grating TG provides an inherent
geometrical accuracy to the design of beam expander 20 so
that the input beams and output beams are symmetrically
oriented with respect to each other. Image symmetry is
shown for an image of the letter ‘R’ in FIG. 2. It should be
noted that the image that is formed for the imaging light
guide viewer is a virtual image, focused at infinity, but with
the relative orientation of output image content to input
image content as represented in FIG. 2. A similar pattern for
showing relative image orientation using letter ‘R’ is fol-
lowed in subsequent figures. A change in the rotation about
the z axis or angular orientation of incoming light beam WI
with respect to the x-y plane causes a corresponding sym-
metric change in rotation or angular orientation of outgoing
light from out-coupling diffractive optic ODO. From the
aspect of image orientation, turning grating TG simply acts
as a type of optical relay, providing beam expansion along
one axis of the image that is input at in-coupling diffractive
optic IDO and output at out-coupling diffractive optic ODO.
Turning grating TG is typically a slanted or square grating
or, alternately, can be a blazed grating.

[0042] The conventional imaging light guide beam
expander 20 that is shown in FIGS. 1 and 2 is used in a
number of existing head-mounted device (HMD) designs for
providing image content to a viewer. This type of beam
expander is particularly well-suited to augmented reality
applications in which image content can be superimposed on
a real-world view as seen through the transparent imaging
light guide. However, there are some performance limita-
tions and dimensional/angular constraints that relate to the
use of turning grating TG.

[0043] Angular performance of the turning gratings can be
limiting. The turning gratings, when designed correctly, can
at best be an ideal solution for a single field angle and at a
single wavelength. The efficiency curve for the reflective
refractive order that actually redirects the light has similar
characteristics to those for the in-coupling and out-coupling
diffractive optics. A ray of the design wavelength and at a
central field angle propagating through the system is effi-
ciently in-coupled (diffractive optic IDO), efficiently turned
and expanded in one dimension (grating TG), and efficiently
out-coupled and expanded in the orthogonal dimension
(diffractive optic ODO). A similar ray of the same wave-
length, but from an extreme field point, would conversely be
less efficiently coupled in, less efficiently turned, and less
efficiently coupled out. This leads to difficulty in balancing
performance, color balance, and brightness across the full
angular field.

[0044] Conventional hand-held projection devices, such
as pico-projectors for example, typically provide image
content with a 9:16 height-to-width aspect ratio. Angular
range limitations of the conventional imaging light guide
design, in turn, constrain the allowed orientation of projector
devices, typically preventing compact packaging of pico-
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projector devices in an HMD, for example. As a further
constraint, overall light efficiency is limited, as was noted
previously.

[0045] Embodiments of the present disclosure provide an
optical system for forming a virtual image with an enlarged
view pupil or eyebox. The optical system includes an
imaging light guide in the form of a single planar waveguide
component that has (i) an in-coupling element, such as an
in-coupling diffractive optic IDO, for accepting incident
image-bearing light beams and directing at least the first
order diffracted light from the incident light beams along the
planar component using TIR; (ii) an out-coupling element,
such as an out-coupling diffractive optic ODO, for expand-
ing the respective image-bearing light beams in a first
direction transverse to the direction of beam propagation and
directing the image-bearing light beams outward to form the
virtual image; and (iii) a reflector array having at least first
and second parallel reflective surfaces, differing from each
other in reflectivity, that expand the respective image-bear-
ing light beams in a second direction transverse to the
direction of beam propagation and orthogonal to the first
direction and are disposed at an angle that directs the
diffracted light from the in-coupling diffractive optic toward
the out-coupling diffractive optic for forming the virtual
image. Where diffractive optics are used, the in-coupling
and out-coupling diffractive optics IDO and ODO, respec-
tively, preferably have the same diffraction period.

[0046] To help boost the overall efficiency of an imaging
light guide beam expander, embodiments of the present
disclosure use one or more reflective surfaces encased
within, appended to, or otherwise formed as a part of the
beam expander substrate to perform the turning and beam
expanding function with respect to the y axis. As a first
exemplary embodiment, FIG. 3 shows a beam expander 30
on a waveguide substrate S that uses a reflector 36 for
turning the output beams. Reflector 36 is formed within or
along an outer edge of beam expander 30, disposed at an
appropriate angle for the grating vectors in the direction of
the periodicity of the in-coupling and out-coupling diffrac-
tive optics IDO and ODO, respectively. According to an
embodiment of the present disclosure, reflector 36 reflects
light that is parallel to the grating vector of in-coupling
diffractive optic IDO so that the reflected light is, in turn,
parallel to the grating vector of out-coupling diffractive optic
ODO. Dashed lines show light paths for the diffracted first
order light within the imaging light guide. As the dashed
lines indicate, reflector 36 changes the orientation of the
virtual image, effectively reversing the virtual image content
and rotating the image at twice the incident angle of the
central field chief ray at the reflector, as shown by the letter
‘R’ in this figure. As noted, pupil expansion is effected in one
direction only in the FIG. 3 arrangement using the out-
coupling diffractive optic ODO.

[0047] FIG. 4 is a perspective view that shows a beam
expander 30 according to an embodiment of the present
disclosure. Beam expander 30 has in-coupling and out-
coupling diffractive optics IDO and ODO respectively, as
described with reference to FIGS. 2 and 3 and uses a
reflector array 32 for 2-dimensional (2-D) beam expansion.
An arrangement of this type expands the light beam output
in the x and y directions. Reflector array 32 has three
specularly reflective surfaces, shown in the FIG. 4 embodi-
ment as reflectors 34a, 34b, and 34¢. Some of the specularly
reflective surfaces in the array are partially reflective, so that
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some of the light incident on reflector 34a is transmitted
through to reflector 345; similarly, some of the light incident
on reflector 34b is transmitted through to reflector 34c.
Reflectivity increases for successive reflectors in the array as
the reflectors are further separated from the in-coupling or
out-coupling diffractive optics IDO, ODO. The last or rear-
most reflector in the series, reflector 34¢ in the example of
FIG. 4, generally has a nominal reflectance of 100%.
[0048] In order to provide a uniform distribution of the
light in the expanded pupil, the successive reflectors 34a,
34b, and 34c¢ of reflector array 32 can have different amounts
of reflectivity or, conversely, different amounts of transmit-
tance. Exemplary values for a 5-reflector embodiment, with
no absorption, are given in the following table.

TABLE

Exemplary Reflectivity for 5-Reflector Array

Reflector Reflectivity Transmissivity
1 12% 88%
2 16% 84%
3 23% 77%
4 38% 62%
5 100% —

[0049] FIG. 5A is a plan view of a beam expander 40 that
traces the axial light paths for central field points from
in-coupling diffractive optic IDO to out-coupling diffractive
optic ODO when using reflector array 32. In the example of
FIG. 5A, reflector array 32 has four reflective surfaces,
shown as reflectors 34a, 34b, 34c¢, and 34d.

[0050] With respect to the embodiment of FIG. 5A, beam
expansion takes place not only due to the reflections of light
transmitted to the reflectors 34a, 34b, 34c¢, and 34d, but also
because portions of the reflected light are further reflected by
the reflectors 34a, 34b, 34c¢, and 34d. Thus, the same light
can encounter the same individual reflectors 34a, 345, 34c,
and 344 multiple times under conditions of transmission or
reflection. Some of this multiple reflection is shown. As is
suggested in FIG. 5A, reflectors 34a, 34b, and 34c¢ are
reflective on both sides, so that diminishing portions of the
light propagate between each combination of parallel reflec-
tive surfaces. The reflectivity designated for each of the
respective surfaces accounts for these additional reflections.
It can also be noted that there will be some inevitable losses
due to absorption as well as due to light propagation beyond
the reflectors themselves or the target output grating area.
[0051] The spacing between the reflective surfaces of
reflectors 34a, 345, 34¢, and 34d is another consideration for
maintaining the desired intensity profile throughout each of
the expanded beams. For example, one would not want to
split an individual (pixel) beam into beamlets that are
deflected beyond a region of proximate overlap with adja-
cent beamlets to avoid gaps or brightness variations in the
image viewable within the eyebox. Proper reflectivity and
spacing between reflective surfaces can also produce a
desired distribution of energy across the expanded indi-
vidual (pixel) beam composed of the multiple beamlets. In
general, the distance between reflector surfaces should not
exceed about 2.5 times the thickness of the guide substrate
S

[0052] FIG. 5B is a plan view of beam expander 40 that is
modified to show redirection of field points spaced away
from the central field point, with light at normal incidence.
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The same angular incidence of the light applies for each of
reflectors 34a, 345, 34c, and 344.

[0053] FIG. 6A shows an alternate embodiment of a beam
expander 50 using imaging light guide 22 that provides
variable amounts of reflectance using only two reflectors
44a and 445 in a box arrangement provided by a gradient
reflector array 42. Reflector 4456 is a standard mirror with a
nominal reflectance for visible light of 100%. Reflector 44a
has a gradient coating with varying reflectance along its
length, distributing reflected light internal to reflector array
42 in order to provide beam expansion. The phrase “gradient
reflectivity” indicates that the reflectivity value changes
progressively, preferably in a continuously increasing or
decreasing manner, but can also include more incremental
changes in reflectivity as may be preferable for purposes of
manufacture or optical performance. According to an
embodiment of the present disclosure, the gradient reflec-
tivity over a length portion of the reflector 444 continuously
changes monotonically over a range from less than 10%
reflectivity to greater than 50% reflectivity. Other ranges can
also be provided.

[0054] FIG. 6B is a schematic view, selectively omitting
some of the imaging light guide 22 detail of FIG. 6A for
clarity, showing how gradient reflector array 42 operates,
repeatedly reflecting the light from in-coupling diffractive
optic IDO with variably transmissive regions arranged in
succession. Diffracted light output from in-coupling diffrac-
tive optic IDO initially passes through a fully transmissive
region 464 of reflector 44a and is reflected by reflector 445,
which directs the light back toward reflector 44a. A partially
transmissive region 465 of reflector 44q is coated to provide
a reflective gradient, by way of example, ranging from 75%
reflective to less than 50% reflective along the length of
reflector 44a. The light that is transmitted through reflector
44q is directed outward toward out-coupling diffractive
optic ODO. Reflector 445 reflects the incident light that had
been reflected from region 465 back toward partially trans-
missive region 465, over a segment of reflector 44q that is
less reflective, such as 66% reflective in this example. Over
the portion of reflector 44a that is 66% reflective, about 14
of incident light is then transmitted to another portion of
out-coupling diffractive optic ODO. A diminishing amount
of light is repeatedly reflected back and forth between
reflectors 44a and 4456 until a final remnant of the image-
bearing light from in-coupling diffractive optic IDO is
transmitted to diffractive optic ODO through gradient reflec-
tor 44a.

[0055] One possible overall arrangement of regions 46a
and 465 of gradient reflector 44q is shown in side view in
FIG. 6C. Dashed lines indicate local values of reflectivity
along gradient reflector 44a. FIG. 6D shows beam expander
50 in a perspective view. Reflector 445 is formed along an
edge of imaging light guide 22 in the example shown. It can
be readily appreciated that reflectivity values given herein
for the FIG. 6 A-6D examples illustrate the general principle
for varying the reflectivity of gradient reflector 444 but are
not to be considered restrictive. The reflectivity values that
are actually used in any embodiment can depend on various
factors including amount of light loss, coatings tolerances,
and other performance variables. Subregions having uni-
form reflectivity values, changing along the length of reflec-
tor 44a, could alternatively be provided.

[0056] The gradient reflectivity of reflector array 42 can
provide an additional freedom sensitive to inclination angle.
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While simply expanding the individual (pixel) beams helps
to expand the eyebox, the typical eyebox remains much
smaller than the size of the individual expanded beams
because the expanded beams do not fully intersect at the
eyebox. In order to more fully intersect at the eyebox, the
individual beams, which propagate in different directions,
must exit from different positions within the output grating.
To improve the chances of intersection (i.e., overlap) in one
dimension, certain angle beams can be directed more toward
one side of the output grating than the other. To cause this,
the gradient reflective surface can be made selectively more
reflective to light of certain angles of incidence over other
angles of incidence so that the different angles are directed
toward different sides of the output grating. Using this
method is complicated by the individual (pixel) beams being
angularly encoded in two dimensions. Thus, the reflective
sensitivity should be limited to just one of the dimensions.

[0057] For best performance, the beam expander optics
would provide each individual (pixel) beam with its own
transverse distribution of energy so that most of the energy
reaches the eyebox and non-overlapping portions of the
beams contain less energy. The reflective surfaces of arrays
32 and 42 construct the output individual (pixel) beams as
individual collections of relatively offset beamlets, where
each beamlet can vary in both intensity and position.
Embodiments of the present disclosure allow the reflective
intermediate beam expander to direct light toward out-
coupling diffractive optic ODO through a range of angles
spanning at least 90 degrees. The light can approach out-
coupling diffractive optic ODO along either orthogonal axis
of'the image or somewhere in-between, such as at an oblique
angle as shown in FIG. 5A. The capability for direction at an
oblique angle can be advantageous for component position-
ing and packaging. In addition, the reflector arrays 32, 42
can provide for interconnecting the central field rays
between the in-coupling and out-coupling diffractive optics
IDO, ODO at oblique angles while maintaining alignment
with one of the orthogonal axes x, y of the image, particu-
larly at the out-coupling diffractive optic.

[0058] The perspective view of FIG. 7 shows a display
system 60 for three-dimensional (3-D) augmented reality
viewing using imaging light guides of the present disclosure.
Display system 60 is shown as an HMD with a left-eye
optical system 541 having a beam expander 501 for the left
eye and a corresponding right-eye optical system 547 having
a beam expander 507 for the right eye. An image source 52,
such as a picoprojector or similar device, can be provided,
energizable to generate a separate image for each eye,
formed as a virtual image with the needed image orientation
for upright image display, as described previously. The
images that are generated can be a stereoscopic pair of
images for 3-D viewing. The virtual image that is formed by
the optical system can appear to be superimposed or overlaid
onto the real-world scene content seen by the viewer.
Additional components familiar to those skilled in the
augmented reality visualization arts, such as one or more
cameras mounted on the frame of the HMD for viewing
scene content or viewer gaze tracking, can also be provided.
[0059] The plan view of FIG. 8 shows an alternative
embodiment of imaging light guide 22 using gradient reflec-
tor array 42. With this arrangement, in-coupling diffractive
optic IDO is positioned more closely toward 100% reflective
reflector 44b than in other embodiments and is in line with
gradient reflective reflector 44a; a line L1 coincident with
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gradient reflective reflector 44a intersects in-coupling dif-
fractive optic IDO. Reflectors 44a and 445 are at 45 degrees
to the k vector or grating vector, which extends in the
direction of periodicity, for in-coupling diffractive optic
1IDO.

[0060] Embodiments described herein use diffractive
optics for in-coupling and out-coupling functions, and used
for conventional waveguides. It must be noted that input and
output coupling can use mechanisms other than diffraction,
such as reflection, for example, for directing angularly
encoded beams into and out from the imaging waveguide
and providing the desired beam expansion.

Beam Expander Fabrication

[0061] Reflectors that form the reflector array 32 or gra-
dient reflector array 42 can be formed using dichroic coat-
ings, metalized coatings, or a combination of dichroic and
metalized coatings. In pupil expander devices, methods for
forming reflector array 32 can include coating individual
pieces of glass or other transparent substrate, then piecing
together these portions to form the beam expander in sec-
tions.

[0062] The imaging light guides are preferably manufac-
tured in lots. The parallel surfaces (perpendicular to the
outer surfaces of the imaging light guide) can be cut and
polished first. The blocks can be the thickness of multiple
imaging light guides, which can then be coated and
assembled, ideally, using index-matched adhesive. This
assembly process can be performed under an autocollimator
or with a retro-reflected spot to maintain proper alignment.
Angular alignment precision can be on the order of % of the
angular spread of one virtual image pixel. Achieving even
finer resolution could require more accurate manufacturing
practices.

[0063] The block of aligned surfaces can be diced in a
direction perpendicular to these surfaces to define the outer
surfaces of the imaging light guides. Each block of glass can
then be polished as a high quality flat under a double
planetary polisher to form a blank. The polished blank
preferably has better than one arc minute of parallelism.
[0064] The final outer shape of the imaging light guide can
be cut from a blank in an appropriate manner.

[0065] After proper surface preparation of the glass imag-
ing light guide blank, the diffractive optics can be formed on
one or both outer surfaces of the imaging light guide using
nano-imprinting methods, for example.

[0066] The same methods described herein apply to
embodiments that use multiple partially reflective surface
systems as shown by example in FIG. 4 and gradient
reflector systems and shown in FIG. 6A, with differences in
the specified coatings and in the number of surfaces that
require alignment.

[0067] The imaging light guide can be formed with a flat
substrate such as an optical glass, as described with refer-
ence to an embodiment of the present disclosure. For
example, embodiments of the present disclosure provide an
imaging light guide formed in a flat waveguide and having
an in-coupling diffractive optic formed on the substrate that
is disposed to form first-order diffracted light from each
incident light beam representing a pixel of the virtual image
and an array of two or more reflective surfaces disposed in
parallel along or within the substrate and wherein at least
one of the two or more reflective surfaces lies in the path of
first-order diffracted light formed from the in-coupling dif-
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fractive optic. The two or more reflective surfaces are
disposed at an angle that directs the first-order diffracted
light formed from the in-coupling diffractive optic towards
an out-coupling diffractive optic that is disposed to direct
light outward from the imaging light guide. The out-cou-
pling diffractive optic and the in-coupling diffractive optic
preferably have the same grating period and each of the two
or more reflective surfaces has a different reflectivity.
[0068] The invention has been described in detail with
particular reference to presently preferred embodiments, but
it will be understood that variations and modifications can be
effected within the spirit and scope of the invention. The
presently disclosed embodiments are therefore considered in
all respects to be illustrative and not restrictive. The scope of
the invention is indicated by the appended claims, and all
changes that come within the meaning and range of equiva-
lents thereof are intended to be embraced therein.

1. An imaging light guide for conveying a virtual image
comprising:

a waveguide;

an in-coupling diffractive optic disposed to direct image-
bearing light beams into the waveguide;

a reflector array of two or more at least partially reflective
surfaces oriented in parallel and disposed to expand the
respective image-bearing light beams from the in-
coupling diffractive optic in a first dimension and to
direct the expanded image-bearing light beams toward
an out-coupling diffractive optic; and

the out-coupling diffractive optic being disposed to
expand the respective image-bearing light beams in a
second dimension orthogonal to the first dimension and
to direct the image-bearing light beams from the wave-
guide toward a viewer eyebox.

2. The imaging light guide of claim 1 wherein the two or
more at least partially reflective surfaces of the reflector
array comprise first and second surfaces, wherein

the first surface is partially reflective and partially trans-
missive, and

the second surface is fully reflective.

3. The imaging light guide of claim 2 wherein the first
surface has a length and reflectivity values that vary along at
least a portion of the length.

4. The imaging light guide of claim 3 wherein the
reflectivity values of the first surface vary monotonically
along the length from less than 10% reflectivity to greater
than 50% reflectivity.

5. The imaging light guide of claim 1 wherein at least one
of the in-coupling and out-coupling diffractive optics is a
diffraction grating.

6. The imaging light guide of claim 1 wherein at least one
of the in-coupling and out-coupling diffractive optics is a
volume hologram or formed from a holographic polymer
dispersed liquid crystal.

7. The imaging light guide of claim 1 wherein one or more
of the at least partially reflective surfaces is formed using
dichroic coatings.

8. The imaging light guide of claim 2 wherein the two or
more at least partially reflective surfaces of the reflector
array further comprise a third surface, wherein

the third surface is disposed between the first and second
surfaces,

the third surface is partially reflective and partially trans-
missive, and
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the third surface has a reflectivity value that is greater than
a reflectivity value of the first surface.
9. The imaging light guide of claim 1 wherein one of the
two or more at least partially reflective surfaces lies along an
edge of the substrate.
10. The imaging light guide of claim 1 wherein the
out-coupling diffractive optic and the in-coupling diffractive
optic have the same grating period.
11. The imaging light guide of claim 1 wherein the
reflector array is relatively positioned for reflecting central
field rays of the virtual image between the in-coupling
diffractive optic and the out-coupling diffractive optic
through an oblique angle.
12. An imaging light guide formed in a flat substrate for
conveying a virtual image and comprising:
a) an in-coupling diffractive optic formed on the substrate
and disposed to diffract incident image-bearing light
beams for propagation along the substrate;
b) first and second at least partially reflective surfaces
being disposed in parallel along or within the substrate,
and
¢) an out-coupling diffractive optic formed on the sub-
strate and disposed to direct the image-bearing light
outward from the substrate, wherein
the first at least partially reflective surface is partially
reflective and partially transmissive,

the second at least partially reflective surface is more
fully reflective, and

the first partially reflective and partially transmissive
surface is arranged (a) to reflect portions of the
image-bearing light beams reflected by the second
more fully reflective surface back toward the second
more fully reflective surface and (b) to transmit
portions of the image-bearing light beams reflected
by the second more fully reflective surface toward
the out-coupling diffractive optic.

13. The imaging light guide of claim 12 wherein the first
partially reflective and partially transmissive surface has a
length and reflectivity values that vary along at least a
portion of the length.

14. The imaging light guide of claim 13 wherein the
different reflectivity values of the first partially reflective and
partially transmissive surface range over a gradient from less
than 10% reflectivity to greater than 50% reflectivity.

15. The imaging light guide of claim 12 wherein the first
and second at least partially reflective surfaces are relatively
positioned for reflecting central field rays of the virtual
image between the in-coupling diffractive optic and the
out-coupling diffractive optic through an oblique angle.

16. The imaging light guide of claim 12 wherein the
out-coupling diffractive optic and the in-coupling diffractive
optic have the same grating period.

17. The imaging light guide of claim 12 in which the first
and second at least partially reflective surfaces are spaced
apart through a limited distance at which the second portions
of the respective image bearing beams at least proximately
overlap en route to the out-coupling diffractive optic.

18. A 3-D display apparatus for a viewer, the display
apparatus comprising:

a left-eye optical system for forming a left-eye image and

a right-eye optical system for forming a right-eye

image, wherein each of the optical systems comprises:

a) an image source that is energizable to generate input
beams of image-bearing light;
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and
b) an imaging light guide comprising:
a waveguide;
an in-coupling diffractive optic formed on the wave-
guide in the path of the incident image-bearing
light beams from the image source and disposed to
redirect the image-bearing light beams into the
waveguide;
a reflector array of two or more at least partially
reflective surfaces oriented in parallel and dis-
posed to expand the image-bearing light beams
from the in-coupling diffractive optic in a first
dimension and to direct the expanded image-
bearing light beams toward an out-coupling dif-
fractive optic; and
the out-coupling diffractive optic being formed on
the waveguide and disposed to expand the image-
bearing light beams in a second dimension
orthogonal to the first dimension and to direct the
image-bearing light beam toward a viewer eye-
box.
19. The imaging light guide of claim 18 wherein the
waveguide includes edges interconnecting parallel front and
back surfaces and one of the two or more at least partially
reflective surfaces lies along an edge of the waveguide.
20. A method of making an imaging light guide compris-
ing:
a) forming an in-coupling diffractive optic on a planar
substrate, wherein the in-coupling diffractive optic has
a first grating period and a first grating vector;

b) forming an out-coupling diffractive optic on the planar
substrate, wherein the out-coupling diffractive optic has
a second grating period equal to the first grating period
and a second grating vector that is nonparallel to the
first grating vector; and

c¢) forming a reflector array along or within the planar

substrate and disposed to direct diffracted light from the
in-coupling diffractive optic to the out-coupling dif-
fractive optic,

wherein the reflector array is formed with two or more at

least partially reflective surfaces oriented in parallel
and wherein each of the two or more at least partially
reflective surfaces is formed having a different reflec-
tivity.

21. The method of claim 20 in which the step of forming
the in-coupling diffractive optic includes arranging the in-
coupling diffractive optic to diffract an incident image-
bearing light beams into the planar substrate for propagation
within the substrate toward the reflector array, and the step
of forming the out-coupling diffractive optic includes
arranging the out-coupling diffractive optic to diffract inci-
dent image-bearing light beams reflected from the reflector
array out of the planar substrate for viewing as a virtual
image.

22. The method of claim 21 in which step of forming the
reflector array includes arranging the reflector array to
expand the image-bearing light beams from the in-coupling
diffractive optic in a first dimension.

23. The method of claim 22 in which the step of forming
the out-coupling diffractive optic includes arranging the
out-coupling diffractive optic to expand the image-bearing
light beams from the reflector array in a second dimension
orthogonal to the first dimension.
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24. The method of claim 23 in which the steps of forming
the in-coupling diffractive optic, the out-coupling diffractive
optic and the reflector array include relatively positioning
the reflector array for reflecting central field rays of the
virtual image between the in-coupling diffractive optic and
the out-coupling diffractive optic through an oblique angle.

#* #* #* #* #*
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